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Abstract 

The CRISPR/ Cas9 machinery, which is known to provide adaptive immunity to bacteria and archeae, has been proven an efficient tool 
for genome editing in a wide range of organisms. It is an RNA-guided DNA endonuclease that introduces double-stranded breaks in the target 
DNA. This compact machinery has been adapted and is being widely used for precise editing and modification of the genome [1]. This review 
focuses on genome editing using the CRISPR/ Cas9 system for correction of genetic diseases. Here, we review examples from literature where 
the CRISPR/ Cas9 system has been used for the correction of Duchenne Muscular Dystrophy [DMD), cataract caused due to mutations in the 
Crygc gene, cystic fibrosis, and sickle cell disease. 
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Introduction 


CRlSPRs [clustered regularly interspaced short palindromic 
repeats) and the associated nuclease, Cas9, were originally 
discovered as components of an RNA-mediated adaptive 
immune system in prokaryotes [2-5]. The system comprises of 
a CRISPR RNA [crRNA) that shares sequence complementarity 
to the invading genetic material, and a trans-activating RNA 
[tracrRNA) that binds and targets the Cas9 endonuclease to a 
specific region of the DNA to mediate cleavage [5]. The crRNA 
is encoded by the CRISPR array, while the tracrRNA is encoded 
upstream of CRISPR-Cas locus [Figure la) [1,6]. This system has 
been tweaked to target specific sites in the genome, permitting 
editing of the same [1]. 
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Figure 1a: Figure showing arrangement of Cas genes and 
CRISPR array. The CRISPR locus encodes crRNA, while 
the tracr RNA is encoded by the region upstream. Cas genes 
encode Cas (CRISPR associated) protein, which is responsible 
^ for introducing double strand breaks in the DNA. _^ 

According to their structural and functional differences, 
the CRISPR/ Cas9 system has been classified into three major 
types - types I, H and HI. The type I and type HI systems use a 


large multi-protein complex for RNA-guided DNA cleavage [7], 
while the type II system uses a single Cas9 protein for DNA 
recognition and cleavage [1]. Both a seed sequence in the crRNA, 
and a conserved protospacer adjacent motif [PAM) sequence 
in the target are crucial for Cas9-mediated cleavage [1,8]. The 
type H system has been found to be the most adaptable and is 
currently widely used. Cas9 is an RNA-guided double-stranded 
DNAse containing two independent nuclease domains, namely 
RuvC and HNH, which together can cleave both strands of the 
target DNA resulting in double-strand breaks [DSBs) [1,8]. 
The crRNA together with tracr RNA form a complex that drive 
conformational changes in Cas9, which direct binding and 
cleavage in a PAM-dependent manner [Figure lb) [9-11] . 
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Figure 1b: Mode of action of CRISPR/ Cas9 (type II system). 
Cas9 is an RNA- guided DNA endonuclease, having two 
independent nuclease domains that cleave both strands of 
DNA in a PAM-dependent manner. SgRNA directs the binding 
of Cas9. 
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Targeted gene correction 

Random deletion or insertion 
leads to gene disruption 

Figure 1c: Double strand break repair by non-homologous 
end joining (NHEJ) or homology directed repair (HDR). NHEJ 
creates random insertions or deletions (indel) thus resulting in 
gene disruption. 

HDR occurs in the presence of an exogenous DMA template, 
leading to targeted gene correction. 
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On being cleaved, the target DNA fragment can be repaired 
via either non-homologous end joining [NHEJ] or homology- 
dependent repair [HDR] [Figure Ic]. NHEJ is an error-prone 
pathway that can result in the introduction of indels [insertions 
or deletions] eventually leading to a frame shift mutation and a 
gene knockout. HDR depends on the presence of an exogenous 
template on the basis of which the DSB can be repaired. Both 
these mechanisms can be exploited to modify the genetic content 
in the region close to the DSBs generated by Cas9 [12-15]. This 
system of genetic editing has been further simplified and has 
been used in the rapid generation of genetically modified mice 
by injecting a single-guide RNA [sgRNA], which is a fusion of the 
tracrRNA and the crRNA along with mRNA encoding Cas9, into 
mouse embryos [16]. Due to the specificity versatility efficiency 
simplicity and multiplexing capability in engineering biological 
systems, the CRISPR/ Cas9 system can also be utilized in the 
correction of genetic diseases. 

Genetic Diseases 

Many genetic variations such as insertions, translocations, 
duplications, or deletions are commonly associated with human 
genetic disease. Single point mutations in the coding region of a 
gene are often associated with severe genetic diseases [17]. In 
the following sections, we review the recent literature focused 
on using the CRISPR/ Cas9 system for the correction of genetic 
diseases. 

Muscular dystrophy 

One of the most commonly occurring genetic diseases is 
Duchenne Muscular Dystrophy [DMD]. DMD occurs due to a 
mutation in the dystrophin gene [18]. The mutation results in a 
loss of function of this important skeletal muscle protein which 
helps in maintaining the integrity of the muscle cell membrane 
during contraction, by linking the dystroglycan complex at the 
cell surface with the underlying cytoskeleton [19]. 

One of the earliest approaches for correction of this disease 
involved removal of the internal, but unessential region of 
the mutated dystrophin gene, thus restoring the proper 


reading frame of dystrophin gene [20]. In another approach, 
an antisense oligonucleotide [AON]- mediated exon skipping 
strategy was used, which masked splice donor or accepter 
sequences surrounding the mutated exon in the DMD mRNA, 
thereby restoring biological function of the dystrophin protein 
in mice [21,22] and humans [23-25]. A number of limitations are 
associated with this strategy, which include variable efficiency of 
uptake by tissues, repeated AON injections in order to maintain 
effective skipping, and toxicity associated with AON [26]. 

Till date, various designer nucleases [ZFNs and TALENs] 
have been used as a tool for correction of DMD by restoring the 
native dystrophin gene [27,28]. However, genome editing with 
ZFNs and TALENs have been shown to have occasional cytotoxic 
[29] or off-target effects [30,31]. 

With the advent of the CRISPR/ Cas9 system in the field 
of genome editing, accelerated progress in this area has been 
observed. The dystrophic phenotype in a mouse model of 
DMD was corrected through gene editing by injecting mRNA 
encoding Cas9, the specific sgRNA, and a single-stranded DNA 
oligonucleotide for correction [this served as a template for 
HDR] into single cell mouse embryos [32]. It has also been 
reported that an in-frame deletion of a region between exons 
45-55, produces dysfunctional dystrophin, and is associated 
with the milder Becker muscular dystrophy [33,34]. 

Mutational hotspots spanning the region between exons 
45-55 were targeted using sgRNAs and Cas9, to generate a 
deletion of 336 kb in skeletal myoblasts from DMD patients. 
This approach showed greater than 60% correction of existing 
mutations [35]. In another approach, the region between exons 
45-55 were targeted using CRISPR/ Cas9-mediated NHEJ, to 
reframe dystrophin in human induced pluripotent stem cell 
[hiPSC] lines. Restoration of dystrophin and b-dystroglycan after 
engraftment of the reframed hiPSC- derived skeletal muscle cells 
into a mouse model of DMD was observed [36]. 

The occurrence of a premature termination codon in exon 
23, which is responsible for the dystrophic phenotype of mdx 
mice, has been successfully targeted using CRISPR/ Cas9 
to create an internal genomic deletion [37]. Targeted gene 
modifications and restoration of dystrophin expression have 
been shown in terminally differentiated skeletal muscle fibers 
and cardiomyocytes, as well as in muscle satellite cell [precursor 
of skeletal muscle cell], in both neonatal and adult mice. These 
mice show restored dystrophin expression and partial recovery 
from the deficiency [38]. Thus, CRISPR/ Cas9-mediated gene 
editing offers a ray of hope for patients suffering from DMD. 

Cryg-dependent cataract 

Cataract, which is characterized by opacity of the lens, is a 
common cause of blindness. Till date, nearly 140 mutations have 
been identified which are responsible for causing cataract in 
mice. The most frequently found mutation is in the Cryg gene 
family [3 9]. The Cryg gene, consisting of three exons, is conserved 
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in all mammals, and belongs to the (3- and y- crystalline-encoding 
gene superfamily. All three exons collectively encode for a 21 kDa 
protein [40,41]. Mutations in the y- crystalline gene are known 
to affect the normal development of the eye lens by promoting 
hyperproliferation of lens epithelia and forming polygonal 
epithelial cells. This creates a disturbance in the arrangement 
and shape of fiber cells, leading to the formation of cataract. 

It was reported that a 1- bp deletion in the Crygc gene leads 
to a stop codon at the 76th amino acid in exon 3, which is known 
for encoding a beta sheet of the protein [39]. It was observed 
that there are a high number of mutations in cryg/ CRYG, in both 
mouse and humans respectively, which make this gene cluster a 
hot spot for autosomal dominant cataract [42-45]. 

Recently, an attempt has been made to correct this mutation 
via HDR using exogenously supplied oligos, or by NHEJ, 
mediated by the double strand break introduced by CRISPR/ 
Cas9. Different regions of the mutant cryg gene were targeted by 
sgRNAs, two of which were targeted to the 1-bp deletion in the 
mutant allele. Correction of cataract was seen at the organismal 
level by co-injecting the Cas9 mRNA and sgRNA into the 
cytoplasm of the zygote in mouse [46]. This study also reported 
successful germline transmission of the corrected allele to the 
next generation. Further studies using the CR1SPR/Cas9 system 
are required for successful translation of this approach to correct 
cataract. 

Cystic fibrosis 

Cystic fibrosis is one of the most common chronic and life 
threatening genetic diseases. This disease affects the lungs, 
and is caused by a mutation in the CFTR gene leading to the 
failure of an epithelial cell chloride channel to respond to cAMP 
[47,48]. It is characterized by the production and accumulation 
of thick, sticky mucus in the lungs that impairs breathing and 
provides an environment for pathogens to flourish, resulting in 
respiratory failure. 70% of cystic fibrosis cases are characterized 
by production of a variant form of the protein, which includes 
deletion of phenylalanine 508 [AF 508] in exon 11. This causes 
protein misfolding, FR retention, and degradation of the cystic 
fibrosis transmembrane regulator protein [CFTR] [49-51]. 

In a recent study, organoids from the small and large 
intestine of two different pediatric cystic fibrosis patients 
have been established as model to study cystic fibrosis. These 
organoids were targeted with two different sgRNAs, together 
with a donor plasmid carrying the wild type CFTR sequence. 
Live cell microscopy showed the rapid expansion of corrected 
organoids which was not observed in the untransfected control 
organoids [52]. 

Further, the ability to generate pluripotent stem cells from 
accessible tissue from patients provides an excellent model 
system for human disease. iPSCs generated from a cystic 
fibrosis patient were corrected using CRISPR/ Cas9, followed 
by differentiation into mature airway epithelial cells. These 


cells demonstrated normal expression and function of CFTR, 
furthering the belief that gene editing using CRISPR/ Cas9 may 
help correct similar gene defects in patients [53]. 

Sickle cell disease 

Sickle cell disease is an inherited monogenic disorder caused 
by a mutant allele of p-globin, called sickle hemoglobin [HbS]. 
A point mutation in the (3- globin gene, results in malformation 
of the hemoglobin structure, leading to abnormal sickle-shaped 
RBCs. This disease affects approximately 300,000 neonates 
every year [54]. Inheriting two abnormal copies of the (3- globin 
gene, is the underlying genetic basis of this disease [55]. 

The earliest approach to treat this disease involved the 
delivery of y- globin or the antisickling (3- globin protein to 
inhibit polymerization of the variant HbS [56,57] More recently 
CRISPR/ Cas9 has been used for the correction of this disease 
in human iPSCs, derived from adult sickle cell disease patients. 
These corrected stem cells were later differentiated into 
erythrocytes and were shown to produce (3- globin protein from 
the corrected allele [58]. These and other studies represent 
a step towards using gene editing to potentially cure genetic 
diseases. 

CRISPR/Cas9: Promise for the Future 

Cenome editing holds huge promise in the field of genetic 
disorders and cancer. The relative simplicity of the CR1SPR/Cas9 
system makes it extremely attractive. Perhaps not too long from 
now in the future, one may hope that research will advance to the 
stage where we will be able to correct relatively simpler genetic 
disorders that arise due to single point mutations in a specific 
gene. More importantly, the CRISPR/ Cas9 system can be used 
to model genetic diseases by engineering specific mutations in 
either cell lines or model organisms. These can then be used 
for screening drugs or treatment strategies that can potentially 
be taken back to the clinic. These tools can even be used in the 
context of more complicated genetic disorders such as cancer. 
However, caution must still be exercised, as the CRISPR/ Cas9 
system can potentially have off-target effects. 
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